The mammalian embryonic lethal abnormal vision (ELAV)-like protein HuD is a neuronal RNA-binding protein implicated in neuronal development, plasticity, and diseases. Although HuD has long been associated with neuronal development, the functions of HuD in neural stem cell differentiation and the underlying mechanisms have gone largely unexplored. Here we show that HuD promotes neuronal differentiation of neural stem/progenitor cells (NSCs) in the adult subventricular zone by stabilizing the mRNA of special adenine-thymine (AT)-rich DNA-binding protein 1 (SATB1), a critical transcriptional regulator in neurodevelopment. We find that SATB1 deficiency impairs the neuronal differentiation of NSCs, whereas SATB1 overexpression rescues the neuronal differentiation phenotypes resulting from HuD deficiency. Interestingly, we also discover that SATB1 is a transcriptional activator of HuD during NSC neuronal differentiation. In addition, we demonstrate that NeuroD1, a neuronal master regulator, is a direct downstream target of SATB1. Therefore, HuD and SATB1 form a positive regulatory loop that enhances NeuroD1 transcription and subsequent neuronal differentiation. Our results here reveal a novel positive feedback network between an RNA-binding protein and a transcription factor that plays critical regulatory roles in neurogenesis.
The mammalian embryonic lethal abnormal vision (ELAV)-like protein HuD is a neuronal RNA-binding protein implicated in neuronal development, plasticity, and diseases. Although HuD has long been associated with neuronal development, the functions of HuD in neural stem cell differentiation and the underlying mechanisms have gone largely unexplored. Here we show that HuD promotes neuronal differentiation of neural stem/progenitor cells (NSCs) in the adult subventricular zone by stabilizing the mRNA of special adenine-thymine (AT)-rich DNA-binding protein 1 (SATB1), a critical transcriptional regulator in neurodevelopment. We find that SATB1 deficiency impairs the neuronal differentiation of NSCs, whereas SATB1 overexpression rescues the neuronal differentiation phenotypes resulting from HuD deficiency. Interestingly, we also discover that SATB1 is a transcriptional activator of HuD during NSC neuronal differentiation. In addition, we demonstrate that NeuroD1, a neuronal master regulator, is a direct downstream target of SATB1. Therefore, HuD and SATB1 form a positive regulatory loop that enhances NeuroD1 transcription and subsequent neuronal differentiation. Our results here reveal a novel positive feedback network between an RNA-binding protein and a transcription factor that plays critical regulatory roles in neurogenesis.
HuD | neural stem cells | NeuroD1 | neurogenesis | SATB1 P osttranscriptional regulation of messenger RNAs (mRNAs) is an essential mechanism for controlling gene expression, and RNA-binding proteins play key roles in this process (1) . Hu antigen D (HuD), a neuron-enriched RNA-binding protein (RBP) expressed early in embryonic neurogenesis, is one of the first markers of neuronal differentiation (2, 3) . This protein belongs to the highly conserved ELAV/Hu family of RBPs that consists of four family members-HuR, HuB, HuC, and HuD-which are the mammalian homologs of Drosophila embryonic lethal abnormal vision (ELAV) and encoded by the ELAVL1-4 genes, respectively. Much literature has implicated HuD in neurite outgrowth, neuronal dendritic maturation, and neuronal circuitry development (2, 3) . Genetic mutations and functional deficiencies of HuD are associated with a number of neurologic disorders, including paraneoplastic encephalomyelitis, spinal muscular atrophy, Parkinson's disease, schizophrenia, epilepsy, and neuroblastoma (3) . HuD depletion in a rodent model results in brain development deficiencies and impaired motor performance (4) .
Although several studies have suggested that HuD is important for the differentiation of immature cells into neurons, most of this work was done using the rat pheochromocytoma PC12 cell line or avian neural crest cultures (5-7). Akamatsu et al. (4) created the first HuD knockout (KO) mouse line and demonstrated that primary neural progenitor cells isolated from the cortex of embryonic HuD KO mice exhibit increased neurosphere formation and decreased neuronal differentiation, as well as greater cell death. The mechanisms underlying these neurogenic deficits remain unexplored, however. In mammals, neuronal production ceases after birth but persists throughout life in the subventricular zone (SVZ) of the lateral ventricles and the dentate gyrus of the hippocampus. Adult-born neurons undergo a neuronal development process that recapitulates the one during early development (8) . Both embryonic and adult neurogenesis is tightly controlled at many levels by both extrinsic factors, such as physiological and pathological conditions, and intricate molecular networks, such as transcriptional or translational processes. Disruptions of these molecular pathways lead to neuronal development deficits that are characteristic of human disorders (9, 10) . Akamatsu et al. (4) have shown that, after a prolonged exposure to BrdU, a thymidine analog incorporated into dividing cells, the SVZ of adult HuD KO mice have more BrdU + cells compared with wild-type mice; however, they determined neither the identity nor the fate of these BrdU + cells. Thus, the role of HuD in adult neural stem/progenitor cells (NSCs) remains unclear. Understanding the precise regulatory mechanisms that enable lifelong neurogenesis from stem cells in the adult mammalian brain is crucial to understanding both the development and plasticity of mammalian brains.
At the molecular level, HuD is known to interact with AU-rich instability conferring sequences or AU-rich elements (AREs) in the 3′ UTRs of target mRNAs and stabilizes these mRNAs (1, 2, 11, 12) . The identification of molecular targets regulated by HuD is critical for understanding the mechanisms underlying its biological functions and associated diseases. A recent study has identified RNAs bound to a combination of all neuronal ELAVlike proteins (HuB, HuC, and HuD) in the brain (12) . However, only one study to date has focused exclusively on HuD targets. Previously, we used RNA immunoprecipitation of HuD from a Significance RNA-binding proteins play central roles in posttranscriptional gene regulation. HuD is one of the first markers used for neuronal lineage; however, the function of HuD in neural stem cell differentiation is largely unexplored. In addition, although it has been shown that HuD mRNA levels increase during neuronal differentiation, to date few studies have examined the mechanism controlling the expression of HuD during neural differentiation. In this study, we investigated the role of HuD in neural stem cell differentiation and uncovered an underlying molecular mechanism. Our results unveil a novel positive feedback network between an RNA-binding protein and a transcription factor that plays critical regulatory roles during neuronal differentiation.
mouse line overexpressing myc-tagged HuD combined with GSTHuD target pull-down as well as novel bioinformatics analyses to identify ∼700 new HuD targets; this revealed novel HuD binding motifs in the 3′ UTR of mRNAs (11) . Although many of these predicted targets are associated with neuronal development and functions, their roles in HuD-mediated NSC differentiation have yet to be assessed.
HuD mRNA levels increase during neural differentiation (2) . Despite studies demonstrating the roles of HuD in regulating gene expression, only a few so far have examined the mechanism, particularly transcriptional regulation controlling the expression of HuD. Thyroid hormone is known to repress HuD transcription (13, 14) . Recently, Ngn2 was identified as the first transcriptional activator of HuD during neuronal differentiation of P19 neuroblastoma cells (15) . Therefore, the spatial and temporal induction of HuD is regulated at least in part via transcriptional regulation. However, how HuD is regulated during mammalian neural stem cell differentiation and neurogenesis is largely unknown.
In the present study, we investigated the role of HuD in neuronal differentiation in NSCs of the adult SVZ and explored the potential mechanism behind HuD regulation of neurogenesis. We discovered that HuD promotes adult NSC differentiation into neuronal lineage. We also found that the mRNA of special AT-rich DNA-binding protein 1 (SATB1) is a direct target of HuD in NSCs. HuD binds specific regions of the 3′UTR of Satb1 mRNA and enhances its stability during NSC neuronal differentiation. In addition, we found that SATB1 acts as a transcriptional activator for both HuD and NeuroD1, a neuronal master regulator. Therefore, HuD and SATB1 form a positive regulatory loop that activates NeuroD1 transcription and promotes neuronal differentiation. Our results have revealed a novel positive feedback network between an RNA-binding protein and a transcription factor that plays critical regulatory roles during neuronal differentiation.
Results
HuD Regulates Neuronal Differentiation in the SVZ. To determine the role of HuD in neural stem/progenitor cell (NSC) differentiation in the adult SVZ, we first assessed HuD expression patterns using cell lineage markers define SVZ neurogenesis ( Fig. 1  A and B) . HuD was localized in Nestin and GFAP double-positive (Nestin (Fig. 1D ) in the SVZ. In addition, consistent with our previous findings (16) , HuD is present in doublecortin-positive (DCX + ) immature neurons in both the SVZ and rostral migratory stream (RMS) where newly differentiated neurons are en route to their terminal destination in the olfactory bulb (OB) (Fig. 1E) , as well as NeuN-positive (NeuN + ) mature neurons in the OB (SI Appendix, Fig. S1 A and B) . The expression patterns of HuD suggest it may play a potential regulatory role in adult SVZ neurogenesis.
Given that HuD KO mice exhibit altered embryonic brain development (4) , to determine the role of HuD in adult neurogenesis without the confound of developmental impact, we acutely deleted HuD in NSCs in the adult SVZ using retrovirus expressing a small hairpin inhibitory RNA against HuD (shHuD) (17) as well as GFP (SI Appendix, Fig. S2 A-C). Recombinant retroviruses that are only capable of infecting dividing cells selectively transduce NSCs, allowing for fate tracking at single-cell levels in the adult germinal zone (18) (19) (20) . One group of mice also received BrdU injections and analyzed at 12 h after BrdU injection for assessing cell proliferation. We found that NSCs infected with retrovirus expressing shHuD (retro-shHuD) incorporated more BrdU compared with NSCs infected with control retrovirus (retroshNC) (SI Appendix, ) would be expected to have differentiated into neurons expressing the early neuronal marker DCX (Fig. 1F and SI Appendix, Fig.  S2B ). We found that retro-shHuD-infected NSCs differentiated into fewer DCX + neurons compared with retro-shNC-infected NSCs ( Fig. 1G ; DCX + GFP + /GFP + ). We then determined the impact of HuD deficiency on NSC terminal differentiation in the OB at 4 wk after viral injection. We found no difference in the percentage of NeuN + mature neurons between retro-shHuD-and control retro-shNC-infected cells ( Fig. 1 H-J) . To validate the shRNA results, we injected HuD mutant (KO) mice with BrdU and analyzed terminal differentiation of BrdU-labeled cells 4 wk later (SI Appendix, Fig. S4 A and B) . We analyzed NeuN + total neurons as well as Calretinin (CR) + , Calbindin (CB) + , and tyrosine hydroxylase (TH)
+ interneurons known to be produced by adult SVZ neurogenesis (21, 22) . Quantitative analyses showed that although the total number of BrdU + cells were lower in KO mice compared with WT mice (SI Appendix, Fig. S4C Fig. S4 D-F) . Because HuD KO mice had significantly smaller volume in both the granule cell layer (GCL) and periglomerular layer (PGL) of the OB (SI Appendix, Fig. S4G ), the total numbers of NeuN To further confirm the effect of HuD on NSCs, we isolated NSCs from the SVZ of adult HuD KO mice and wild-type (WT) littermate controls. In WT NSCs, HuD mRNA expression levels increased during neuronal differentiation (SI Appendix, Fig. S5 A and B), consistent with previous findings in cell lines (15, 23) . We then found that HuD KO NSCs differentiated into fewer Tuj1 + neurons ( Fig. 1 K and L) with no significant alteration in proliferation or astrocyte differentiation compared with WT controls (SI Appendix, Fig. S5 C and D) . To validate our immunocytochemical data, we further assessed the differentiation of NSCs by measuring the promoter activities of a neuronal transcription factor, Neurogenic differentiation 1 (NeuroD1), and the promoter activities of astrocyte lineage marker GFAP (24, 25) . Acute knockdown of HuD in NSCs using lentivirus expressing shHuD led to decreased NeuroD1 promoter activity (Fig. 1M ) without a significant impact on Gfap promoter activities (SI Appendix, Fig. S5E ). Next, we performed a gain-of-function assay by overexpressing HuD in NSCs. Overexpression of HuD led to increased NeuroD1 promoter activities (Fig. 1N) , again with no significant effect on the Gfap promoter (SI Appendix, Fig. S5F ). Taken together, our results provide further evidence that HuD plays an important role in promoting the neuronal differentiation of NSCs in the adult SVZ.
HuD Regulates SATB1 Expression in NSCs. We next searched for downstream targets of HuD that might mediate its regulation of neurogenesis. HuD is known to bind and regulate the stability or translation of a large number of mRNAs (2, 11) . We previously used RNA immunoprecipitation coupled with microarray (RIPChIP) and novel bioinformatics methods to identify approximately 700 novel HuD targets in the mouse brain and discovered three new HuD-binding motifs (11) . Interestingly, many of these mRNAs encoded RBPs and transcription factors, suggesting that HuD is part of a complex transcriptional-translational gene regulatory network (11) . Given our observation that HuD mRNA levels were up-regulated during neuronal differentiation (SI Appendix, Fig. S5B ), we decided to investigate transcription factors among predicted HuD targets to identify a novel regulatory network between HuD and transcriptional regulators in neural differentiation. Among the transcription factors on the HuD target list, we focused on SATB1 because of its known function in regulating cell linage-specific gene expression during both T-cell development (26) and cortical neuron maturation (27, 28) . We first assessed the expression of SATB1 and confirmed that it was localized in Nestin +
GFAP
+ type B cells in the SVZ ( Fig. 2A ) and colocalized with HuD in DCX + cells in the adult SVZ ( Fig. 2B ) and NeuN + cells in the OB (Fig. 2C ). In addition, similar to HuD, the mRNA levels of SATB1 also increased during adult NSC neuronal differentiation, and such an increase was partially diminished in HuD KO NSCs (Fig. 2D ), further supporting a positive correlation between HuD and SATB1. Indeed, both Satb1 mRNA ( Fig. 2E ) and protein (Fig. 2 F and G) levels were lower in proliferating HuD KO NSCs compared with WT NSCs. Furthermore, the fluorescent intensity of an anti-SATB1 antibody staining was lower in HuD KO SVZ NSCs (SI Appendix, Fig. S6 ). Therefore, HuD is likely a positive regulator for Satb1 mRNA levels.
We next explored whether SATB1 is a molecular target of HuD in adult NSCs. HuD is known to regulate gene expression by binding to the 3′UTR of targeted mRNAs and, in most cases, acts as a mRNA stabilizer (2, 11) . Using a HuD antibody RNA-IP followed by realtime quantitative PCR (qPCR), we confirmed that HuD bound to Satb1 mRNA (Fig. 2H) . Next, to determine whether the reduction of Satb1 mRNA levels in HuD KO NSCs might be due to decreased mRNA stability, we treated HuD KO and WT NSCs with actinomycin D to inhibit gene transcription and assessed the Satb1 mRNA levels over an 8-h period (Fig. 2I ). Regression analyses indicated that, in WT NSCs, Satb1 mRNA degradation followed a two-rate exponential decay, with a slow phase (T 1/2 = 18.9 h) during the first 3 h and a rapid phase (T 1/2 = 5.6 h) during the last 5 h of the experiment. In contrast, in HuD KO NSCs, Satb1 mRNA degradation followed a single rate of decay, with a significantly shortened half-life (T 1/2 = 5.2 h). Previously, we had observed a similar biphasic decay for another HuD target mRNA, GAP-43, and had shown that the 3-h delay in the onset of the fast decay was due to an interaction of HuD's third recognition motif with long poly(A) tails (29) . In the absence of HuD, Satb1 mRNA, like GAP-43 mRNA, decayed at a single fast rate. Therefore, HuD increases Satb1 mRNA levels by enhancing RNA stability in NSCs.
We next investigated which regions of Satb1 mRNA interacted with HuD. There are multiple putative HuD binding motifs in Satb1 3′UTR (SI Appendix, Table S1), as predicted by our motifsearching method (11) . To identify the regions of Satb1 3′UTR that might be regulated by HuD, we cloned a 3.7-kb 3′ UTR of SATB1 containing all predicted HuD binding sites (3′ UTR 1-3709 , with 1 denoting the first base after the termination codon) into a pSicheck2 luciferase reporter vector ( Fig. 2 J and K) so that the Renilla luciferase (R-luc) expression would be regulated via 3′ UTR sequence of SATB1. When the reporter was cotransfected with HuD expression plasmids (pcHuD) (30) into NSCs, the overexpression of HuD significantly increased luciferase activities compared with control vector (pCDNA3)-transfected conditions ( Fig. 2K ; 3′ UTR ). We then cloned fragments containing partial sequences of Satb1 3′UTR (3′UTR 1-1000 , 3′ UTR 1-1897 , adult NSC differentiation, but such an increase is significantly diminished in HuD KO NSCs (n = 3). Both WT and KO were normalized to their own proliferating conditions. P < 0.001, two-way ANOVA with Bonferroni posttest. (E) Satb1 mRNA levels were lower in HuD KO NSCs compared with WT (n = 3). P < 0.05, paired t test. (F and G) Sample Western blot analysis (F) and quantitative results of three Western blots (G) showing that SATB1 protein levels are lower in aNSCs isolated from the SVZ of adult HuD KO mice compared with those from WT mice. β-actin served as a loading control. n = 3. The asterisk indicates a cross-reactive band in HuD KO mice that has been observed previously in both HuD KO mice (4) and with other HuD-specific antibodies (49) . (H) Sample reverse transcription PCR (RT-PCR) analysis of Satb1 mRNAs in input and HuD-antibody IP NSC samples. HuD KO NSCs served as negative controls for assessing HuD antibody specificity. β-actin mRNA served as an internal control for input. (I) Adult NSCs were treated with 10 μM actinomycin D to inhibit gene transcription, and the amounts of Satb1 mRNA in WT and HuD KO NSCs were quantified using RT-PCR. Regression analyses indicate that in WT NSCs, Satb1 mRNA degradation followed a two-rate exponential decay, with a slow phase (T 1/2 = 18.9 h) during the first 3 h and a rapid phase (T 1/2 = 5.6 h) during the last 5 h of the experiment. In contrast, in HuD KO NSCs, Satb1 mRNA degradation followed a single rate of decay with a significantly shortened half-life (T 1/2 = 5.2 h). n = 3. Genotype F(1,4) = 41.30; P = 0.003, two-way ANOVA. For the first 3 h, the genotype-time interaction: F(3,16) = 4.076; P = 0.025, two-way ANOVA. (J) Schematics of Satb1 3′ UTR fragments used for reporter assays. The predicted HuD-binding motifs are marked in orange. (K) R-luc activities produced by various fragments of 3′ UTR constructs were normalized to control firefly luciferase (fLuc) activities in the same psiCheck2 vectors. Luciferase activities in pcHuD-transfected conditions were normalized to the pcDNA3-transfected condition. Statistical analyses were carried out between each pcHuD condition vs. pcDNA3 control conditions (before normalization) for each 3′ UTR fragment. n = 4. Data are presented as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001, Student's t test.
3′ SATB1 is known to play a critical role in the execution of T-cellspecific gene expression programs (26, 31) and can also be induced by neuronal activity and control the transition of tangentially migrating immature interneurons into terminally differentiated somatostatin neurons (28); however, its role in adult NSCs is unknown. Because HuD deficiency leads to reduced SATB1 levels, we reasoned that SATB1 might promote neuronal differentiation, similar to HuD. We used lentivirus expressing two different shRNAs against SATB1 (1 and 3) to acutely knock down SATB1 in SVZ NSCs and subjected the NSCs to differentiation (SI Appendix, Fig. S7 A-D). We found that both shSATB1-1 and 3 led to reduced NeuroD1 promoter activities in differentiating NSCs ( Fig. 3 A and B) . To validate the above results, we subjected lentishSATB1 infected NSCs to differentiation, followed by high-content imaging analysis of cell lineage-specific markers. We found that both lentivirus-shSATB1-1-and -3-infected NSCs differentiated into significantly fewer Tuj1 + neurons compared with lentivirusshNC-infected NSCs (SI Appendix, Fig. S7E ). Acute knockdown of SATB1 also led to a mild reduction in NSC differentiation into GFAP + astrocytes but had no significant effect on NSC proliferation (SI Appendix, Fig. S7 F-H) . To validate these data, we quantified cell lineage markers using our established unbiased stereology method (32, 33) . Since both shSATB1-1 and 3 can knockdown SATB1 efficiently and had similar effects on NSC differentiation, we decided to focus on the shSATB1-#1 first (SI Appendix, Fig. S7 A-D) . Again, we found that knockdown of shSATB1 led to reduced differentiation into Tuj1
+ neurons (Fig. 3 C  and D) , but without affecting terminal differentiation into NeuN+ mature neurons in the OB (SI Appendix, Fig. S8 ). Therefore, SATB1 is an important activator for SVZ NSC differentiation and its deficiency impairs NSC differentiation into the neuronal lineage.
SATB1 Rescues Decreased Neuronal Differentiation Caused by HuD
Deficiency. We next tested whether SATB1 could rescue the impaired neuronal differentiation of HuD KO NSCs. Using luciferase reporter assays, we found that transfected SATB1 expression plasmid could enhance NeuroD1 promoter activities in both WT and HuD KO cells (Fig. 4A) . We then confirmed these results by infecting WT and HuD KO NSCs with lentivirus expressing a Flag-tagged SATB1 as well as mCherry (SI Appendix, Fig. S9 A-C) and assessed the effects on NSC differentiation. Lenti-SATB1 infection enhanced neuronal differentiation in WT NSCs, and more importantly, it rescued the differentiation of HuD KO NSCs into Tuj1 + neurons and restored it to a level comparable to WT NSCs (Fig. 4 B and C) .
We next determined whether SATB1 could rescue the HuD deficiency-induced neuronal differentiation deficit in vivo. We stereotaxically injected lentivirus expressing Flag-tagged SATB1 (also expressing mCherry) together with a retrovirus expressing either shHuD or control shNC (also GFP) into the adult SVZ (SI Appendix, Fig. S9D ). At 1 wk postinjection, we collected brain tissues and assessed neuronal differentiation of GFP + only (HuD knockdown or control, but without SATB1 overexpression) or GFP +
SATB1
+ double-positive cells (HuD knockdown with SATB1 rescue). We found that exogenous SATB1 enhanced NSC differentiation into DCX + neurons in both shNC-and shHuD-infected cells and, more importantly, rescued the neuronal differentiation deficits in HuD-deficient cells (Fig. 4 D and E) . There was no effect on terminal differentiation into NeuN + mature neurons at 4 wk after viral injection (Fig. 4 F and G) . Therefore, both in vitro and in vivo data indicated that SATB1 is a molecular target and mediator of HuD regulation of NSC neuronal differentiation.
SATB1 Is a Transcriptional Activator of HuD. Although an extensive literature focuses on HuD regulation of its downstream targets, much less is known about how HuD expression is regulated. Recent evidence suggests that the levels of HuD mRNAs in neurons are determined predominantly by transcription (2, 3, 15) . In our study, both HuD and Satb1 mRNA levels increased during NSC neuronal differentiation, suggesting that a positive regulatory loop may exist between these two proteins. We hypothesized that SATB1 may act as a transcriptional activator for HuD expression. We first assessed HuD mRNA levels in NSCs with acute SATB1 knockdown. Indeed, Lenti-shSATB1-infected NSCs exhibited significantly reduced HuD mRNA levels (Fig. 5A) . The HuD signal detected by an anti-HuD antibody staining was lower in SATB1 knockdown cells in OB (SI Appendix, Fig. S9E ). We next determined whether SATB1 activates HuD transcription through the HuD promoter. The mammalian HuD gene is known to contain eight conserved leader exons (E1a to E1c), and each of them, except for E1c 1 , is individually spliced into a common exon 2 (E2), which results in HuD transcript variants with alternative 5′ ends (15) . We first examined the expression levels of all eight E1 mRNA variants in NSCs using variant-specific forward primers together with a reverse primer derived from the common E2 (Fig.  5 B and C) . We found that E1c and E1c 1 are the most abundant variants, with E1a 1 as a minor variant, in adult NSCs (Fig. 5C ). The other variants were expressed at minimal levels. Our data are consistent with the previous finding that the E1c variant is enriched in neurons and is up-regulated during neuronal differentiation (15). We next investigated whether SATB1 interacts directly with genomic regions proximal to HuD E1c by using SATB1-specific chromatin immunoprecipitation (ChIP) followed by qPCR across a ∼6-kb region from 5.3 kb upstream (−5.3 kb) to 0.5 kb downstream (+0.5 kb) relative to the transcription start site (TSS) of HuD E1c. We found that SATB1 antibody was enriched approximately threefold relative to IgG in a genomic region 0.5 kb upstream (−0.5 kb) of the E1c 1 TSS (Fig. 5D ). This result is consistent with the earlier finding that a ∼400-bp sequence between −1002 and −606 is responsible for transcriptional activation of the HuD E1c variant during neuronal differentiation (15) .
To determine whether SATB1 can regulate the transcriptional activity of HuD E1c through the genomic region it binds in adult NSCs, we used a published luciferase reporter construct (pLuc1.0) harboring the ∼1-kb (−1002 to +328) regulatory region of HuDE1c 1 (15) ). We first cotransfected pLuc1.0 together with either shSATB1 or control shNC into NSCs (Fig. 5 E and F) and analyzed luciferase activities in both proliferating and differentiating NSCs. The pLuc1.0 and control shNC cotransfected NSCs exhibited dramatically increased luciferase activities in differentiating compared with proliferating NSCs, demonstrating increased HuD E1c1 promoter activities on differentiation. Although SATB1-deficient NSCs (shSATB1) also showed increased pLuc1.0 luciferase activities upon differentiation, HuD 1c1 promoter activities were much diminished in both proliferating and differentiating conditions (Fig. 5F ). We next cotransfected pLuc1.0 with either SATB1 expression vector or control mCherry expression vector into NSCs and found that overexpression of SATB1 led to increased HuD promoter activities in both proliferating and differentiating NSCs compared with controls (Fig. 5G) . Collectively, these data support our hypothesis that SATB1 binds the promoter of HuD and promotes HuD transcription during NSC differentiation. Therefore, SATB1 and HuD form a positive transcription and posttranscription regulatory loop in NSCs and during neuronal differentiation. . Data are expressed as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001, one-way ANOVA followed by Tukey's post hoc test.
HuD and SATB1 Form a Positive Regulatory Loop That Regulates
Neuronal Differentiation Through NeuroD1. We next searched for downstream effectors controlled by the HuD and SATB1 regulatory loop during neuronal differentiation. We acutely knocked down SATB1 in WT and HuD KO NSCs with lentivirus expressing either shSATB1 or shNC, and analyzed changes in gene expression profiles using neurogenesis pathway arrays. We first searched genes and pathways that exhibited similar changes in NSCs infected with lentivirus expressing two different shSATB1 (#1 and #3). We found that both Lenti-shSATB1-#1-and -#3-infected NSCs showed similar up-or down-regulated genes, confirming the specificities of these two shSATB1s (SI Appendix, Tables S2 and S3 ). Among them, 31 genes exhibited more than a 1.5-fold change in shSATB1-infected NSCs (21 genes up-regulated and 10 genes down-regulated) (SI Appendix, Table S2 and S3). We next compared neuronal lineage-specific genes that were down-regulated in shSATB1-infected NSCs with those genes down-regulated in HuD KO-NSCs compared with WT controls. We identified NeuroD1 as a gene down-regulated in both SATB1-deficient and HuD KO NSCs. NeuroD1 is a known neuronal master activator, and NeuroD1 promoter activities were reduced in both HuD KO (Fig. 1 ) and SATB1-deficient NSCs (Fig. 3) during neuronal differentiation.
These findings led us to assess whether NeuroD1 is a downstream effector of the HuD and SATB1 regulatory loop. We found that SATB1 knockdown led to a ∼40.0% reduction in NeuroD1 promoter activities in WT NSCs, but interestingly, the reduction in HuD KO NSCs was much smaller (22.1%) (Fig. 6A) . We then validated these data by analyzing NeuroD1 gene expression and found that acute SATB1 knockdown led to dramatically decreased NeuroD1 mRNA levels in WT NSCs, but there was no significant effect in HuD KO NSCs (Fig. 6B) . Therefore, HuD and SATB1 may regulate NeuroD1 through a common pathway.
We then used SATB1-specific ChIP to determine whether SATB1 binds to NeuroD1 promoter. We performed SATB1-ChIP followed by qPCR across a ∼7-kb region encompassing 6 kb upstream (−6 kb) to 0.2 kb downstream (+0.2 kb) relative to the TSS of NeuroD1. We found that SATB1-specific antibody was enriched in a region ∼2 kb upstream (−2 kb) of NeuroD1 TSS relative to IgG control (Fig. 6C) . Therefore, SATB1 directly interact with NeuroD1 promoter in NSCs and NeuroD1 is likely a transcriptional target of SATB1.
It is possible that HuD can also regulate NeuroD1 through RNA metabolism; however, we found no predicted binding motif of HuD in NeuroD1 3′ UTR (SI Appendix, Table S4 ), suggesting that Gapdh mRNA served as a control. n = 3. (D) SATB1-specific ChIP followed by qPCR showing enrichment of SATB1 at a genomic sequence 0.5 kb upstream of the HuD TSS in NSCs, as assessed by SATB1-specific ChIP. IgG rabbit in WT NSCs served as negative controls. The enrichment was normalized to input. Quantities of DNA were calculated using standard curves generated from input DNA. n = 3. **P < 0.01, two-way ANOVA with Bonferroni's posttest. (E) Schematic representation of the HuD promoter luciferase plasmid (pLuc1.0) used in F and G (adapted from ref. 15 ). (F) SATB1 knockdown led to decreased HuD promoter luciferase activity, both in proliferating and differentiating NSCs. n = 4. (G) SATB1 overexpression led to increased HuD promoter luciferase activities in both proliferating and differentiating SVZ NSCs. n = 4. Data are expressed as mean ± SEM. **P < 0.01; ***P < 0.001 vs. shNC or mCherry, Student's t test.
NeuroD1 might not be a direct target for HuD. To validate this hypothesis, we assessed the mRNA stability of NeuroD1 and found that NeuroD1 mRNA stability exhibited no significant difference in HuD KO NSCs compared with WT NSCs in both proliferating and differentiating NSCs (SI Appendix, Fig. S10 A and B) . Therefore, NeuroD1 mRNA might not be a direct target of HuD. Thus, our data suggest that NeuroD1 is a direct transcriptional target of SATB1 and is regulated by the positive feedback loop between HuD and SATB1 during neuronal differentiation.
Since NeuroD1 plays an instructional role in neuronal fate determination in both embryonic and adult NSCs (34, 35) , reduced NeuroD1 expression levels in SATB1-deficient cells would have a direct impact on neuronal differentiation. We found that Tuj1 mRNA levels were reduced in shSATB1-infected WT NSCs but were not further reduced in HuD KO cells (Fig. 6D) ; whereas mRNA levels of astrocyte Gfap and Aquaporin4 exhibited no significant change in either HuD KO or SATB1 knockdown cells compared with controls (SI Appendix, Fig. S10 C and D) . Consistent with these gene expression changes, acute knockdown of SATB1 using Lenti-shSATB1 infection led to reduced differentiation into Tuj1
+ neurons in WT NSCs, but had no significant effect in HuD KO NSCs (Fig. 6E) . Therefore, the reduced neuronal differentiation mirrors the reduced NeuroD1 expression levels in shSATB1 or HuD KO conditions. Hence NeuroD1 may serve as a functional effector for the HuD and SATB1 regulatory network during NSC neuronal differentiation (Fig. 6F) .
Discussion
Despite intense interest, we still do not fully understand how neurogenesis is regulated (9, 10) . In this study we revealed how HuD regulates neural stem cell differentiation and discovered a novel feedback loop between an RNA-binding protein, HuD, and a transcriptional regulator, SATB1, in the regulation of stem cell fate and neurogenesis.
Hu Proteins in Neurogenesis. Drosophila elav is required for both development of young neurons and the maintenance of mature neurons (36) . HuD is expressed by embryonic day 10 during mouse brain development and is one of the earliest markers of neuronal differentiation (37) . Although many literature focuses on how HuD regulates neurite extension (38, 39) and neuronal maturation (40) , only a limited number of studies have addressed HuD function in neural differentiation. Overexpression of HuD leads to neuronal morphology and neuronal marker expression in cultured avian neural crest cells (6) and stalled proliferation of immortalized rat neural progenitor cell line (37); down-regulation of HuD blocks neurite induction in mouse embryonic carcinoma cells (7) . The function of HuD in mammalian NSC differentiation was first addressed by Akamatsu et al. (4) using a HuD knockout (KO) mouse line they created. They demonstrated that neural progenitor cells isolated from the cortex of embryonic HuD KO mice exhibit increased neurosphere formation; however, the percentage of neurospheres differentiated into Tuj1
+ neurons was reduced. Akamatsu et al. also showed that HuD KO mice had more BrdU + cells in the SVZ compared with WT mice after a prolonged (4 wk) exposure to BrdU. However, we found that at 4 wk after a BrdU pulse, not continuous, labeling, the number of BrdU + cells in the OB was reduced in HuD KO compared with WT mice. Since BrdU labels all proliferating cells in SVZ, RMS, and OB, we further showed that acute knockdown of HuD in the adult SVZ NSCs led to increased proliferation. Since SVZ NSCs isolated from adult HuD KO mice exhibited no difference in proliferation compared with controls, HuD may not regulate NSC proliferation through intrinsic mechanisms. One clear observation is that HuD deficiency reduces neuronal fate specification. Akamatsu et al. (4) did not determine either the identity of BrdUpositive cells in the SVZ. Therefore, we focused on neuronal differentiation and provided the first assessment for the role of HuD in adult NSC neuronal differentiation and underlying mechanism. Interestingly, HuD deficiency had no effect on the percentage of mature neurons in the OB. Therefore, HuD plays a significant role in early neuronal specification rather than terminal differentiation of SVZ NSCs.
HuD Targets. Several studies, including ours, have shown that HuD preferentially interacts with AU-rich elements, known as AREs, in the 3′ UTR of target mRNAs and stabilizes these mRNAs (2, 11, 41) . We have previously identified novel HuD-binding motifs in the 3′UTR of target mRNAs (11) . Using our bioinformatics algorithm, we identified three predicted HuD target sites in the Satb1 3′ UTR, two of which match the consensus of a typical AU-rich motif. Surprisingly, we found that only one of the ARE-like target sites, the one at position 1578 from the stop codon, resulted in HuDenhanced expression in our luciferase reporter assay. Interestingly, the last 700 bp of sequence near the polyA (3001-3709) containing an ARE-like sequence with two mismatched nucleotides at position 3583 was also sensitive to HuD overexpression. This may be related to HuD's function of binding polyA tails (3) . It is likely that other . HuD and SATB1 form a positive regulatory loop that regulates neuronal differentiation through NeuroD1. (A) SATB1 knockdown led to decreased NeuroD1 transcription as assessed by NeuroD1 promoter-luciferase activity in differentiating NSCs. n = 3. P < 0.05 (interaction), two-way ANOVA with Bonferroni's posttest. *P < 0.05; ***P < 0.001, post hoc analysis. (B) SATB1 knockdown led to decreased NeuroD1 mRNA levels. n = 3. P < 0.05, two-way ANOVA with Bonferroni's posttest. ***P < 0.001, post hoc analysis. (C) SATB1-specific ChIP assay demonstrates enrichment of SATB1 protein at a genomic sequence 2 kb upstream of the NeuD1 TSS in NSCs. ChIPs with IgG rabbit served as negative controls. The enrichment was normalized to the input. Quantities of DNA were calculated using a standard curve generated from an input DNA. n = 3. *P < 0.05 (post hoc value), two-way ANOVA with Bonferroni's posttest. (D and E) SATB1 knockdown led to reduced neuronal differentiation in WT NSCs with no further effect on HuD KO NSCs, as demonstrated by both Tuj1 mRNA level (D; n = 3, interaction P < 0.05) and immunostaining using neuronal marker Tuj1 (E; n = 3, interaction P > 0.05, two-way ANOVA with Bonferroni's posttest.) **P < 0.01; ***P < 0.001, post hoc analysis. Data are expressed as mean ± SEM. (F) Model for the HuD and SATB1 regulatory network for the regulation of adult NSC neuronal differentiation through NeuroD1.
factors, in addition to sequence motifs, can significantly modulate the binding of HuD and other RBPs to mRNAs, including interactions with other RNA-binding proteins.
Regulation of HuD Expression. Despite extensive studies on the roles of HuD in regulating gene expression, far less is known about the mechanisms controlling the expression of HuD. Several studies have shown that HuD can be regulated at posttranscriptional levels by RNA-binding proteins and microRNAs (3) . Still, little is known about HuD regulation at the transcriptional level. Thyroid hormone was shown to repress HuD transcription (13, 14) . However, the significant increase of HuD expression during cellular differentiation suggests that transcriptional activation is likely a major player. Recently, Neurogenin 2 was identified as the first transcriptional activator of HuD by binding to the proximal promoter of the HuD gene in P19 neuroblastoma cells and activating transcription during neuronal differentiation (15) . Therefore, the spatial and temporal induction of HuD is regulated at least in part via transcriptional regulation. This study also identified several exon 1 (E1) variants and demonstrated that E1c and E1b are the most abundant variants in adult murine brains. We found that E1c and E1c 1 are the most abundant variants in NSCs from adult SVZ. It is possible that HuD variants represent its molecular diversity in subtypes of cells in the mammalian brain. Future studies dissecting the functional significance of this molecular diversity would help us understand the regulation and function of this protein.
Posttranscriptional Regulation of SATB1. Among the most highly enriched mRNAs of the 700 putative HuD targets that we have identified (11), SATB1, a specific T-lineage-enriched transcription regulator, stood out because there were a number of predicted HuD binding sites in its 3′ UTR. SATB1 is well known to orchestrate the temporal and spatial expression of genes during T-cell proliferation and differentiation, thereby ensuring the proper development of this lineage (26, 31) . SATB1 is differentially expressed in various subsets of neuronal cells and regulates a large number of genes involved in development and differentiation (27, 28) . Recent studies found that SATB1 is the major SATB family protein in postnatal brains and acts as a ''docking site'' to recruit chromatin modifiers to gene promoters. SATB1 binds to genomic loci of multiple immediate early genes (IEGs) and is required for the proper temporal expression of these genes during postnatal development. SATB1 is also induced by neuronal activity and promotes interneuron maturation (27, 28) . However, the role of SATB1 in neural stem cell differentiation during embryonic or adult neurogenesis has not been uncovered and our study provides the first evidence for the role of SATB1 in adult neurogenesis. Previously, studies have shown that both SATB1-null or HuD-null mice exhibit an abnormal hind limb-clasping reflex, which is seen in mutant mice with cortical and basal ganglia defects (4, 26), suggesting that both HuD and SATB1 are critical for mice motorsensory circuit development and might have an overlapping signaling pathway regulating cortical development. Our results show that HuD and SATB1 form a positive regulatory loop in NSCs that regulates NeuroD1 transcription and neuronal differentiation. Our observation that SATB1 knockdown had a significant effect on WT NSCs but not on HuD KO NSCs suggests that these two proteins may largely share pathways for regulating neuronal differentiation.
Our discovery of this positive feedback loop between a RNAbinding protein and a transcription factor in NSC differentiation indicates that neuronal development is regulated by a complex network of RNA-and DNA-binding proteins. Among the list of HuD targets are several additional transcription factors and RNAbinding proteins. Future studies of the extent and dimension of the posttranscriptional and transcriptional interactome in neural stem cell differentiation will provide critical insight into the developmental regulation and disease mechanisms associated with this protein.
Materials and Methods
Additional and more detailed descriptions of the methodology of this study are available in the SI Appendix.
Mice. All animal procedures were performed according to protocols approved by the University of Wisconsin-Madison's Institutional Animal Care and Use Committee. The HuD KO mice were described previously (4). Mice were group-housed up to four per cage with the same sex and maintained on a 14/10-h light/dark cycle with food and water available ad libitum.
Production of Lentivirus and Retrovirus and in Vivo Grafting of Virus. Recombinant viral production and in vivo viral grafting using stereotaxic surgery were performed as described previously (33, 42, 43) . In brief, 7-to 8-wkold C57B/L6 male mice were anesthetized with isofluorane and placed in a stereotactic instrument (KOPF). Virus (1 μL with titer >1 × 10 8 /mL) was stereotaxically injected into the SVZ using the following coordinates relative to bregma: caudal, +1.0 mm; lateral, ±1.0 mm; ventral, −2.2 mm, and caudal, +0 mm; lateral, ±1.4 mm; ventral, −1.9 mm. At indicated time points after viral grafting, mice were deeply anesthetized with pentobarbital and perfused with saline, followed by 4% (wt/vol) paraformaldehyde.
Immunohistology and neurogenesis analysis were performed as we described previously (24, 43, 44) .
For isolation and analyses of adult NSCs, SVZ NSCs were isolated from 6-to 8-wk-old HuD KO mice and WT littermates as described previously (45) . Cell proliferation and differentiation analyses were carried out as described previously (24, 32, 46) . RNA-IP was performed as described previously (24, 42) .
For luciferase reporter assays, the 3′ UTR sequence of SATB1 was PCR amplified directly from purified mouse cortical genomic DNA and cloned into psiCHECK-2 dual luciferase vector (Promega; C8021) using In-Fusion HD Cloning Kit (Takara; 011614). The 4-kb and 1.3-kb HuD promoter-reporter plasmids cloned into the MCS of the PGL4.14 vector were kindly provided by B. J. Jasmin (University of Ottawa) (15) . Transfection of NSCs was carried out using Fugene HD (Roche; 04709713001) based on the manufacturer's protocol with modifications.
For the mRNA stability assay, cultured hippocampus neurons were treated with 10 μg/mL actinomycin D (Sigma-Aldrich; A1410) to inhibit gene transcription (33) and SVZ NSCs were collected at various time intervals for RNA isolation and qPCR analysis. SATB1 and NeuroD1 mRNA levels were normalized to Gapdh. RNA decay kinetics and half-life were analyzed using published methods (29, 47, 48) . In brief, we used the exponential function M = M 0 e −λt , where M is the amount of mRNA at time t, M0 is the amount of mRNA at time 0, and λ = (ln 2)/T 1/2 , where T 1/2 is the half-life of the mRNA. RT-PCR, qPCR, and pathway array analyses were performed using standard methods as described previously (33, 43, 46) . The first-strand cDNA was generated by reverse transcription with random primers using a Transcriptor First-Strand cDNA Synthesis Kit (Roche; 04896866001). Standard RT-PCR was performed using GoTaq DNA polymerase (Promega; M3005).
ChIP. ChIP was performed according to published methods (46).
Statistical Analysis. The results were assessed by Student's t test to compare two groups or by one-way ANOVA with Bonferroni post hoc test or two-way ANOVA with Bonferroni's post hoc test for multiple comparisons, using GraphPad Prism. Statistical comparisons between two genotypes within the same treatment group and between different treatment groups within the same genotype were carried out for each experiment. In all tables and figures, data are expressed as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
